ABSTRACT The natural history and mating behavior of Pseudodyscrasis scutellaris (Wiedemann) (Diptera: Ulidiidae), a ßy associated with Agave atrovirens Karw. ex Salm-Dyck (Agavaceae) in the Mexican Altiplano is described based on a 1-yr monthly survey of adult, pupal, and larval stages and on 108 h of Þeld observations. P. scutellaris overwintered in the egg stage, resumed larval development in the spring, pupated in the soil under agaves, and adults emerged during the summer. Courtship behavior and male agonistic encounters consisted of sequences of short distance visual displays. Females oviposited in feeding scars produced by lepidopteran larvae during previous seasons. Larvae developed in aggregations of Ͼ100 individuals the following spring. Adults fed on various carbohydrate and protein sources, frequently interacted with other species of Diptera and ants, and were preyed upon by spiders and wasps. We discuss our Þndings in light of the evolution of behavior within the superfamily Tephritoidea and highlight the importance of further studies on the community of arthropods found on agaves.
The Mexican Altiplano is characterized by a unique xerophytic ßora of great diversity and endemism (Calderó n and Rzedowski 2001) among which the Agavaceae stand out in their economic and ecological importance (Gentry 1982) . Agavaceae is a diverse Neotropical family composed of at least 136 species (Gentry 1982) . Agaves (Agavaceae) are keystone species of semiarid to arid regions, and although the geographic center of origin is Mexico, many species are distributed from the southwestern United States through Central America, the Caribbean, and into northern South America (Good-Avila et al. 2006) . Succulent plants often constitute the only source of pollen, refuge, nesting structures, and moisture in arid environments (Midgley et al. 1997) . Accordingly, members of the Agavaceae seem to harbor a great diversity of specialized herbivorous insects (Waring and Smith 1987, Ramos-Elorduy 2006) , and pest species in four orders of insects have been reported in association with Agave atrovirens Karw. ex Salm-Dyck (Coleoptera, Hemiptera, Lepidoptera, and Diptera) (Hernández-Ortiz 1999) . To date, most studies on the insect fauna associated with Agave have focused on pollinators and arthropods that have economic impacts on pulque (an artisanal fermented drink in central Mé xico), tequila production, or on species that are traditionally exploited for human consumption (Hernández-Ortiz 1999, Arizaga et al. 2000 , Ruiz-Montiel et al. 2003 , Ramos-Elorduy 2006 .
The animal community associated with agaves includes several species of Diptera, such as Pseudodyscrasis scutellaris (Wiedemann) and Euxesta bilimeki (Hendel) (Hernández-Ortiz 1999) [Diptera: Ulidiidae (ϭOtitidae)]. The Ulidiidae, along with eight other families, compose the superfamily Tephritoidea (Korneyev 2000) . This superfamily includes Tephritidae, which, due to its economic importance, has been the subject of a great quantity of biological, ecological, and behavioral studies , Drew 2000 , Yuval and Hendrichs 2000 .
Like most Ulidiidae for which mating behavior has been observed (Alcock and Pyle 1979, Sivinski 2000) , P. scutellaris exhibits intricate courtship and mating behavioral repertoires. In general, there is little published information on the behavior and basic biology of Ulidiidae (Korneyev 2000) . In the genus Pseudodyscrasis, the only available publications are taxonomic in nature (Hernández-Ortiz 1988 , Hernández-Ortiz 1999 , Kameneva and Korneyev 2006 . Nevertheless, it has been recognized that studying the behavior of nontephritid species within Tephritoidea could be important for understanding the evolution of behavioral patterns within this group (Sivinski 2000) and that knowledge on biology and ecology of Tephritoidea will be more complete if information on subordinate taxonomic groups other than species of economic importance is published (Headrick and Goeden 1998) . Finally, a continuing decline in the populations of some Agave pollinators, some of them migratory, may impede the successful reproduction of Agave spp. and may jeopardize the long-term survival of the Agave species, and of associated specialized herbivores (Arizaga et al. 2000) .
Here, we report results of a 2-yr study describing the natural history and mating behavior of P. scutellaris a ßy species (Ulidiidae) associated with A. atrovirens in the semiarid Mexican Altiplano. We discuss results in light of the evolution of tephritoid behavior and emphasize the complexity and richness of arthropod communities associated to this group of plants.
Materials and Methods
Study Site. Fieldwork was carried out near Cerro del Leó n, municipality of Perote, Veracruz, on the PeroteTeziutlán road (19Њ 33Ј 36Љ N, 97Њ 14Ј 03Љ W). Cerro del Leó n is 2,463 m above sea level, mean annual precipitation is 445.3 mm, and average temperature is 12ЊC (min., Ϫ10.0ЊC; max, 33.5ЊC). The site is divided into a series of small 0.25-to 2-ha agricultural Þelds and pastures bordered by compact hedgerows (plants separated by 0.3Ð1 m) of A. atrovirens.
Host Plant. A. atrovirens is a domesticated species, native to central Mexico, used for pulque production, and is commonly planted in rows to delimit agricultural Þelds. A. atrovirens and Agave salmiana Otto Ex Salm-Dyck have been extensively cultivated in central Mexico in this manner since the seventh century (Gentry 1982) . Although there is no information on the host plants of P. scutellaris so far, we have only recovered this species from pulque agaves (A. salmiana and A. atrovirens) (J.R., unpublished data).
Population Surveys. The Þrst agave plant at the Eastern edge of a 200 plant row was marked with the tip of a knife on the underside of a leaf. Moving westward, every 10th plant was marked in this manner. At the end of each month, all adult P. scutellaris on numbered plants were captured and placed in 200-ml plastic vials in 70% alcohol. The number and sex of captured ßies were recorded later in the laboratory at Xalapa. All leaves of each numbered plant were visually inspected, and necrotic, discolored or otherwise damaged tissue was opened with a knife and searched for larvae. Because larvae cluster in large masses, Þve pieces of infested agave leaves were taken to the laboratory and dissected to count the total number of individuals per mass. Larvae that pupated in the laboratory were reared to eclosion to verify their identity. Roughly 2 kg of the upper layer (2Ð5 cm) of soil at the base (Ϸ1.5Ð2.5 m in diameter) of each one of the 10 numbered plants were sieved each month through a 1-mm wire mesh to recover pupae. Recovered pupae were counted and taken to the laboratory to await eclosion of adults. Finally, specimens of all other arthropods encountered on the numbered plants during surveys were stored in vials with alcohol. The survey was performed for a full year from January to December 2006.
Behavioral Observations. Field observations of behavior were made during summer and fall 2007 when adults were active on the plants (July, August, September, and October). In total, 108 h of observation were accumulated during nine periods. Using the methods of Aluja and Birke (1993) and Aluja et al. (1997) , continuous 12-h observation periods were performed from dawn to dusk, during which all ßy activity was recorded. A focal individual (Martin and Bateson 1993) was selected at random, choosing a different plant and different sex each time. The focal individual was captured early in the morning, when low temperatures reduced ßy activity, and gently marked on the back of the thorax with a distinctive dot of paint (Politec, Distribuidora Rodṍn S.A. de C.V., D.F., Mé xico) following methods described in Aluja et al. (2001) . Once marked, the adult was gently placed back on the surface of the plant. The observer, positioned next to the plant, could record ßy activity at a distance of up to 20 cm. without altering ßy behavior. Within a few moments after release, behavior of marked ßies did not seem to differ from that of unmarked individuals, and behavioral patterns (i.e., courtship sequences) did not seem to be modiÞed or interrupted as long as no brisk movements were made by the observer.
Each behavior and the time of its occurrence were recorded. Temperature and relative humidity also were recorded every hour with a hygrothemographer (Taylor, Oak Brook, IL) placed in the shade under a leaf of the agave. In addition to focal individual behavior, all mating, oviposition, and predation events within visual range of the observer during observations were recorded. The following categories of events were recorded: Feeding (including sources); interspeciÞc interactions (including predation); oviposition and intraspeciÞc interactions (including male-male and male-female displays). Although notes on other behaviors such as grooming, sitting and walking were taken, such behaviors were not considered for analysis, as they are complex and difÞcult to interpret.
Wing displays were classiÞed according to Headrick and Goeden (1994) as follows:
Lofting: Upward extension of both wings to a 90Њ angle relative to the substrate, parallel to each other, and with the costal margins perpendicular to the substrate.
Supination: Simultaneous movement of both wings toward the front forming a 90Њ angle with the longitudinal axis of the body with wings rotated so as to show the ventral face to an observer positioned in front of the displaying individual.
Grazing: Feeding behavior consisting of walking with the proboscis extended and in intermittent contact with substrate .
Bubbling: Adults regurgitating a droplet of liquid that is maintained in exposure to elements at the tip of the proboscis, presumably to concentrate sugars through water evaporation (Hendrichs et al. 1992) .
Statistical Analysis. The number of adults recovered per month per plant (N ϭ 10) was compared by means of analysis of variance and TukeyÕs honestly signiÞcant difference comparison of means. The proportion of the total capture of adults per plant (N ϭ 10) over the entire season was compared with a uniform distribuMay 2010 BRUNEL AND RULL: NATURAL HISTORY AND BEHAVIOR OF P. scutellaristion of adults per plant with a chi-square test. Daily patterns of sexual activity (copulations and oviposition events) were compared with an expected even distribution of total events using a chi-square test. The effect of temperature on ßy activity was analyzed by means of a second order regression of total number of recorded events on nine independent plants (wing displays, copulations and oviposition events) per temperature category.
Results

Life History
Adults of P. scutellaris were recovered from agave plants from April to October, with no adults recovered from November to January after the Þrst frost. A few individuals were captured in February perhaps failing to regulate diapause, but might have been killed by late frosts because none were recovered in March ( Fig. 1) (F 11, 108 ϭ 10.153; P ϭ 0.00000). Adult sex ratio (males per female) across the season was 1.54 Ϯ 0.6 (mean Ϯ SE). Adult population peaks were recorded in July and September. Larvae were Þrst detected in May and were found until September. Larval masses found in Þve dissected agave leaves harbored an average of 163.8 Ϯ 60 larvae along with smaller numbers 13.2 Ϯ 5.08 of red larvae, probably a Cecidomyiidae (Diptera). Pupae were recovered from May until October. Such Þndings suggest that P scutellaris is univoltine or bivoltine, eggs overwinter in agave leaves, larvae resume development during spring, leave the plant when mature by leaping, bury under the soil and pupate, and emerge as adults during early summer.
Some individual plants were favored by adults ( Fig.  2) ( 2 ϭ 37.04, df ϭ 9, P Ͻ 0.00026). Plant attractiveness appeared to be independent of size, and the only distinctive feature of attractive plants was greater degree of damage inßicted by Curculionidae Scyphophorus acupunctatus (Gyllenhal), larvae of large Lepidoptera probably Acentrocneme hesperiaris (Walker) (Lepidoptera: Megathymidae), and adults of another species of Ulidiidae, E. bilimeki. We therefore think that it would be worth exploring if P. scutellaris adults are attracted to plants weakened by herbivore attack.
Behavior
Feeding. Ninety-eight feeding events were recorded for P. scutellaris adults of both sexes. Males and females were recorded extending their proboscis and contacting water drops on the leaf surface (six events), both sexes also were observed bubbling (six events), and both sexes were observed consuming a variety of protein (e.g., feces, dead arthropods, rotting agave tissue) and carbohydrate (e.g., leaf leachates, plant sap) sources. During feeding, P. scutellaris frequently engaged in intraspeciÞc and interspeciÞc conßicts. In particular, adults readily fed on plant sap exudates from feeding scars on young agave leaves on the plant rosette produced by the feeding activity of lepidopteran larvae. Such larvae, found on every plant, seemed to be tended by ants (they were never disturbed), which aggressively chased P. scutellaris and other dipterans attempting to feed on released fresh sap. Food sources and frequency of feeding events are shown in Table 1 .
Interspecific Interactions. Ninety-two interspeciÞc interactions were witnessed during observations, the majority with adults of both sexes of another ulidiid E. bilimeki (48.99%), followed by encounters with ants (25%), muscoid dipterans (17.39%), and predators (8.69%). In all cases, independent of the aggressor, ßies engaged in frontal wing waving (supinations), occasionally followed by head butts and chasing. On seven occasions, adults of a syrphid ßy in the genus Ceriana were observed foraging or attempting oviposition (three times) in the same lepidopteran feeding scars used by P. scutellaris females for oviposition (see below). Ceriana sp. also were sighted on Þve occasions during population surveys from April to June. Although P. scutellaris adults did not engage in direct interactions with these ßies, syrphid larvae are either predacious on ulidiid immature stages or exploit rotting tissue along with P. scutellaris larval masses. Also, ßies were preyed upon by weaving spiders in the genus Cyclosa (Araneidae) that seemed to build up as the season progressed. The frequency and nature of these encounters are summarized in Table 2 .
Oviposition. Fifty-six oviposition events by P. scutellaris females were observed. In all cases, females oviposited in the abundant leaf scars left by lepidopteran larvae feeding on rosettes during previous seasons. Fourteen females oviposited only once in a single scar, 12 females oviposited repeatedly in the same scar (up to Þve times), and six females (up to three females at a time; Fig. 3) , could use the same scars simultaneously or successively without conßict. The majority of oviposition events occurred late in the season (August and September). It is important to note that P. scutellaris females did not oviposit in rotting agave tissue. It is likely, therefore, that the feeding and metabolic activity of aggregated larvae favored tissue decomposition, allowing them to feed on decaying organic matter.
Intraspecific Interactions. Male-Female. Seventyeight maleÐfemale interactions were observed for P. scutellaris, Þve of which culminated in copulations. In addition, 13 copulations between nonfocal individuals were observed. The majority of copulations occurred late in the season (August, September), and courtship displays tended to grow in complexity as the season progressed. The complete courtship and mating sequence is summarized in Fig. 4 . Once in copula, mating couples invariably switched from a position where the male was mounted on the back of the female to an end-end position (Fig. 5) .
Male-Male. In total, 53 maleÐmale interactions were recorded during observations. Interactions among P. scutellaris males also became more complex as the season progressed. Twelve supination-only events were recorded. On 13 occasions head butts were recorded in addition to 13 supination events followed by sideways movements of both males with their wings in a 90Њ angle with respect to the thorax (lofting). Four of these interactions were followed by an exchange of blows with forelegs (boxing) and chases. Finally, on two occasions one of the males adopted a motionless posture in which both mesothoracic legs were extended and wings were held at a 90Њ angle (lofting), while facing rival displays. Three events were recorded in which two males facing each other remained still for periods of time up to 40 s with both forelegs fully extended were recorded toward the end of the season. On all occasions this posture was followed by agonistic encounters were both males grabbed each other with their forelegs, grappling for some time. Male-male encounters, however, were not in the presence of females and did not result in copulations. Because male-male encounters did not seem to occur around a speciÞc location (e.g., potential oviposition sites, a particular leaf), we were unable to establish residency status of competing males. Further analysis of these interactions will require observations of speciÞc male P. scutellaris agonistic behavior.
Daily Activity Patterns
Oviposition events and copulations occurred throughout the day in a slightly bimodal pattern. SigniÞcant peaks occurred in the morning between 0900 and 1100 hours and in the afternoon between 1300 and 1800 hours, with decreases in frequency early in the morning, around midday during the hottest period of the day, and at the end of the day ( 2 ϭ 22.99692, df ϭ 11, P Ͻ 0.017696) (Fig. 6 ).
Temperature and Activity
Adult activity was signiÞcantly correlated with temperature (R 2 ϭ 0.28, P ϭ 0.0025) (Fig. 7) . At dawn, with temperatures below 10ЊC, ßies were found motionless, resting in clusters around the rosette. At dusk, ßies gradually reduced activity and adopted positions similar to the positions at dawn. During warm periods at midday, when temperatures could reach 30ЊC, ßies tended to reduce activity and Þnd shaded locations on the plant. A polynomial regression between temperature and activity (wing displays, copulation, oviposition) revealed a signiÞcant relationship between activity and temperature.
Discussion
It has been postulated that Diptera evolved from ancestral saprophytic lineages (Olroyd 1964) . Though phytophagy has been reported for a few species (Harper 1962 , Allen and Foote 1975 , Frṍas 1978 , Yoon et al. 1983 , Seal and Jansson 1993 saprophagy is common in ulidiids Foote 1967, Dṍaz-Fleischer at al. 2000) with a general consensus that most species are opportunistic generalist feeders. Tephritidae, another phytophagous family within Tephritoidea, may have evolved from saprophytic families such as Ulidiidae. If this is true, ancestral species of Ulidiidae should be saprophytic generalists, with a tendency for more derived species to exhibit different degrees of phytophagy ( Dṍaz-Fleischer et al. 2000) , as is the case for P. scutellaris.
To our knowledge, this is the Þrst account of the feeding habits of adult Ulidiidae. Similar to Tephritidae (Drew and Yuval 2000) , ulidiids fed both on pro- tein and carbohydrate sources. Also, like tephritids, ulidiid adults engaged in bubbling behavior, which is thought to concentrate nutrients by allowing water evaporation in the environment (Hendrichs et al. 1992 ). Finally, as for Tephritidae, adult Ulidiidae feed on leaf leachates and bird faeces. Headrick and Goeden (1994) categorized the life cycles of nonpest tephritid species as circumnatal May 2010 BRUNEL AND RULL: NATURAL HISTORY AND BEHAVIOR OF P. scutellariswhen adults emerge and mature sexually at a time when their host is ready for oviposition. By contrast, aggregative species emerge when their host is no longer available and can spend up to a year in reproductive diapause before resuming sexual activity. Headrick and Goeden (1994) further proposed that for circumnatal species, males defend territories and force females to copulate without courting, whereas for aggregative species males attract females by means of long-distance signals and court them before copulation. Although P. scutellaris can be classiÞed as exhibiting a circumnatal life-history, and males did not engage in long-distance signaling, they did engage in elaborate courtship sequences that females could reject. Sivinski et al. (2000) , Emlen and Oring (1977) , Prokopy (1980) , and Burk (1981) agree that the evolution of mating systems is inßuenced by the abundance of females in relation to oviposition sites. The lepidopteran feeding scars used for oviposition by P. scutellaris, were abundant, and male monopolization of oviposition sites would therefore be unrewarding and costly. In addition, several females could oviposit repeatedly and simultaneously, making it difÞcult for a defending male to prevent females fertilized by other males from ovipositing. Under such circumstances female choice based on male courtship would be favored. Nevertheless, P. scutellaris engaged in ritualized, agonistic, maleÐmale displays that were not directly related to protection of a territory and that did not result in the mating of any of the contestants. Understanding P. scutellaris mating systems will require further Þeld observations and experiments targeting display behaviors in relation to mating and fertilization success. P. scutellaris males engaged in wing waving displays similar to those described for several species of Tephritidae , and males also vibrated their wings before mounting females. It is unknown, however, if such vibration produces a sound as it does in some species of Tephritidae . Pheromone production and calling (pleural extension and wing fanning) were not observed for P. scutellaris, and have not been reported within the Ulidiidae (Sivinski 2000). Although P. scutellaris showed distinct daily rhythms of activity, the diel partitioning of sexual activity observed among some sympatric tephritid species does not seem to occur with P. scutellaris and sympatric E. bilimeki on agaves. Perhaps, such partitioning is favored only when sympatric species use long-distance chemical signaling rather than visual displays. Finally, no host marking was observed for P. scutellaris females, which sometimes laid their eggs collectively. Host marking probably evolved in Tephritidae, among which intra-and interspeciÞc competition for larval resources is common ( Dṍaz-Fleischer et al. 2000) , and the abundant feeding scars oviposited by P. scutellaris have likely relaxed selection for this trait.
It is clear that the behavioral results are relevant to important behavioral, ecological, and evolutionary questions. Thus, our study calls attention to the value of performing descriptive studies on the natural history of poorly known taxonomic groups.
